Leaves have to acclimatize to heterogeneous radiation fields inside forest canopies in order to efficiently exploit diverse light conditions. Short-term effects of light quality on photosynthetic gas exchange, leaf water use and hydraulic traits were studied on Betula pendula Roth shoots cut from upper and lower thirds of the canopy of 39-to 35-year-old trees growing in natural forest stand, and illuminated with white, red or blue light in the laboratory. Photosynthetic machinery of the leaves developed in different spectral conditions acclimated differently with respect to incident light spectrum: the stimulating effect of complete visible spectrum (white light) on net photosynthesis is more pronounced in upper-canopy layers. Upper-canopy leaves exhibit less water saving behaviour, which may be beneficial for the fast-growing pioneer species on a daily basis. Lower-canopy leaves have lower stomatal conductance resulting in more efficient water use. Spectral gradients existing within natural forest stands represent signals for the fine-tuning of stomatal conductance and tree water relations to afford lavish water use in sun foliage and enhance leaf water-use efficiency in shade foliage sustaining greater hydraulic limitations. Higher sensitivity of hydraulic conductance of shade leaves to blue light probably contributes to the efficient use of short duration sunflecks by lower-canopy leaves.
Introduction
Light is needed as a source of energy for the process of photosynthesis in photoautotrophic organisms. To maximize photosynthetic productivity, plants must be capable of sensing and responding to changes in light environment, as light properties exhibit great spatial and temporal variation in natural conditions, especially within forest canopies. Light intensity decreases exponentially from the canopy top to bottom (Legner et al. 2014) , meaning that upper-canopy foliage is exposed to higher irradiance compared with lower-canopy foliage shaded by leaves and branches located higher up the tree. In addition, leaves differ in optical properties in different light spectral bands. As solar radiation penetrates a canopy, red and blue wavelengths are preferentially absorbed by leaves, while far-red light waves are transmitted or reflected (Grant 1997) and, thus, lower-canopy leaves face light conditions with a lower red to far-red (R/FR) spectral ratio compared with the upper canopy (Navrátil et al. 2007 , Hertel et al. 2011 . Also, leaf absorption of blue (B) photons is generally higher than that of R photons, bringing about lower B:R wavelength ratios in the lower canopy layers of the forest (Hertel et al. 2012) . At a daily time scale, the shaded part of the canopy is more variable in light conditions compared with the upper canopy because of the occurrence of sunflecks. In sunflecks, light duration, intensity, direction and spectrum change very fast over a short time period. Although sunflecks appear for a short time, they may provide a major part of the daily energy captured by the lower canopy (Chazdon and Pearcy 1991, Grant 1997) ; therefore, understory leaves should quickly respond to changes in light properties for the effective use of sunfleck energy.
Light wavelength distribution affects the functioning of leaves. Short illumination with B light induces stomatal opening (Frechilla et al. 2000) , mediated by phototropins as direct receptors of the B light stimulus (Boccalandro et al. 2012) . Kim et al. (2005) demonstrated on lettuce (Lactuca sativa) that temporary (24 h) changes in spectral quality affect the rate of photosynthesis (A N ) and stomatal conductance (g S ), whereas A N was uncoupled from g S . Reduction in A N under B light is a consequence of photochemical limitation (Loreto et al. 2009 , Palozzi et al. 2013 and high B light is perceived by the plant as a stress signal (Hoffmann et al. 2016) . At the same time, an increasing proportion of B photons in incident light enhances photosynthetic induction in Fagus sylvatica (Košvancová-Zitová et al. 2009 ). The physiology of leaves of forest-growing trees has acclimated in respect of light intensity in the canopy Kull 2001, Hallik et al. 2011 ). However, we lack knowledge of how the physiology and water use of leaves acclimated to different irradiance levels respond to the varying light spectrum.
Light has multiple effects also on leaf hydraulic efficiency determined not only by light intensity (Nardini et al. 2005 , Õunapuu and Sellin 2013 , but also by its quality independently of intensity or of total light energy absorbed (Voicu et al. 2008 , Sellin et al. 2011 , Aasamaa et al. 2014 ). As light is likely the most variable environmental factor in terrestrial ecosystems, it largely governs the daily and seasonal variation in plant hydraulic properties. High light sensitivity of leaf hydraulic conductance (K L ) allows the rapid regulation of plant water relations and is therefore considered one of the characteristics of conservative water use in trees (Aasamaa and Sõber 2012 ). An experiment carried out by Sellin et al. (2011) indicated that K L is highest in B, medium in white (W) and lowest in R light. Stimulation of K L by B light has been confirmed in other studies , Aasamaa et al. 2014 ) performed on both woody and herbaceous species. However, we still have little information about the ecological role of spectral sensitivity of hydraulic conductance in plant acclimation to the spatially and temporally heterogeneous radiation field that exists in forest canopies.
This work aimed to study the effects of light quality on gas exchange and hydraulic properties of full-grown leaves of Betula pendula Roth, developed in well-illuminated versus shaded layers of the forest canopy. Our primary aim was to test whether leaf photosynthesis, stomatal conductance and hydraulic conductance of upper-and lower-canopy leaves are differently acclimated to light conditions varying in spectral properties. The main hypotheses of the study were: (i) spectrum-dependent responses of leaf gas exchange enhance intrinsic water-use efficiency (defined as the ratio of net photosynthesis to stomatal conductance) in shade foliage; and (ii) hydraulic conductance of shade foliage responds more sensitively to B light because the leaves have developed in an environment that is relatively deprived of short wavelengths of the visible spectrum.
Materials and methods

Study area and sample trees
The studies were performed in silver birch (B. pendula Roth), a common broad-leaved tree species in temperate and boreal forests of Europe, in June and July 2013. The study site was located in Järvselja Experimental Forest, Eastern Estonia, which represents boreo-nemoral forest zone in northern temperate climate. Detailed data on the vegetation and climate of the study area have been presented in Sellin et al. (2010a) . The experiment was performed on cut shoots sampled from three 30-to 35-year-old trees (height 19.6-20.8 m, diameter at breast height 15.3-17.8 cm) in a naturally regenerated mixed stand located near Liispõllu village (58°16′ N, 27°16′E, elevation~40 m above sea level). The shoots were sampled from the lower third (mean height 12.0 m; shadeadapted leaves) and upper third (mean height 18.2 m; sunadapted leaves) of their crowns accessed from a scaffolding tower erected amidst the sample trees.
In situ measurements in forest
A handheld spectrophotometer (SpectraPen SP 100, Photon System Instruments, Drasov, Czech Republic), scanning from 340 to 780 nm in 2 nm steps, was used to determine light spectral distribution within the tree crowns. Field measurements were performed at lower and upper crown levels around midday on a clear cloudless day. Measuring points were chosen randomly from both crown positions, with 15 readings from each level per tree. Red/far-red (R/FR) and blue/red (B/R) light ratios were calculated from the data of spectrophotometric measurements. The spectral bands were defined according to Grant (1997) : B 400-500 nm, green (G) 500-600 nm, R 600-700 nm and FR 700-800 nm.
For estimating leaf absorptance (A) and transmittance (T) of photosynthetically active radiation (PAR), spectral irradiance was measured above and below the intact leaf lamina using the SpectraPen SP 100. For each measured wavelength A and T were calculated as follows:
where R is the leaf spectral reflectance, I 0 is the light intensity above the leaf (μmol m −2 s −1
) and I is the light intensity under the leaf blade (μmol m −2 s −1 ). Mean A and T were calculated across the waveband from 400 to 700 nm, based on readings of 60 leaves (3 trees × 20 leaves) sampled at both crown levels. Leaf spectral reflectance was measured using a handheld spectroradiometer (PolyPen RP 400, Photon System Instruments) scanning wavebands from 340 to 790 nm in 2 nm steps. Leaf
Tree Physiology Online at http://www.treephys.oxfordjournals.org reflectance for PAR was calculated as the mean reflectance in the range from 400 to 700 nm. Two indices based on the reflectance measurements were calculated: the photochemical reflectance index (PRI), a proxy of photosynthetic radiation-use efficiency (Gamon et al. 1992 , Peńuelas et al. 1995 
where R x is the reflectance at respective wavelengths (indicated by the subscripts), and the normalized difference vegetation index (NDVI; Gitelson and Merzlyak 1994): used for indirect estimation of leaf chlorophyll content. Both indices have been shown to scale linearly with basic gas exchange parameters (Marino et al. 2014 )-net photosynthetic rate (A N ) and stomatal conductance to water vapour (g S ). Altogether, the leaf spectral reflectance and calculated indexes were determined for 60 intact leaves (3 trees × 2 canopy positions × 10 leaves).
Light quality experiment
In the evening prior to the measurement days, birch shoots (20-30 cm long) were cut under water and transported to the laboratory with their cut ends immersed in water. In the laboratory, the shoots were put into plastic flasks filled with deionized, filtered (Direct-Q3 UV water purification system; Millipore SAS, Molsheim, France) and freshly degassed water (T-04-125 ultrasonic-vacuum degasser; Terriss Consolidated Industries, Asbury Park, NJ, USA). Two leaves from each shoot were prepared for the measurement of water potential of the branch xylem (Ψ B ). These leaves were enclosed in small mini-grip bags, sealed with tape and wrapped in aluminium foil. The shoots were then placed in a dark room and left overnight to allow full hydration of branch and leaf tissues. In the morning, 2 h before the measurements started, the shoots were exposed to irradiance of 1000 μmol m −2 s −1
, then the light intensity was decreased stepwise to 200 μmol m −2 s −1 (i.e., at 1000, 800, 600, 400 and 200 μmol m −2 s −1 measured above the shoots). Each step lasted for 30-50 min of light exposure and 20 min of measurements.
The illumination was provided with LED Fyto-Panels (Photon Systems Instruments), the light regime of which was governed by LC100 light controllers. Three different light spectral qualities were applied: blue (B; 460-490 nm + FR 735 nm), neutral white (W; 410-650 nm + FR 735 nm) and red (R; 620-645 nm + FR 735 nm). The air above the shoots was agitated with a fan to avoid local temperature gradients. The A N and g S were measured with a LCpro+ photosynthesis system (ADC BioScientific, Great Amwell, UK) on five leaves per shoot applying a constant CO 2 concentration (370 μmol mol −1 ), air humidity (water vapour pressure 15 mbar) and temperature (25°C). Intrinsic water-use efficiency (IWUE) was calculated as the A N /g S ratio. Bulk leaf water potential (Ψ L ) was determined in three to four detached leaves by a Scholander-type pressure chamber simultaneously with gas-exchange measurements. Xylem water potential of the branches (Ψ B ) was estimated by applying the bagged leaves technique (Brodribb and Holbrook 2003, Nardini et al. 2010) , sampling two leaves per branch, prepared the previous evening. Altogether, 180 shoots (3 trees × 2 canopy positions × 5 light intensities × 3 light colours × 2 replications) were sampled for gas exchange and hydraulic conductance during a 3-week study period. During the experiment, air temperature and relative humidity were continuously recorded with HMP45A humidity and temperature probes (Vaisala, Helsinki, Finland) and the data were stored with a DL2e data logger (Delta-T Devices, Burwell, UK).
Hydraulic properties
Hydraulic conductance of detached branches (leafless stem; K B ) and leaves (K L ) was determined by the evaporative flux method, based on transpirational water flux and corresponding driving forces. Branch hydraulic conductance can be calculated as the transpiration rate (i.e., the product of stomatal conductance and relative vapour pressure difference (VPD/P)) divided by water potential drop across the branch (Hubbard et al. 2002, Sellin and Lubenets 2010 ):
where VPD L is the vapour pressure difference between leaf interior and ambient air, P is the atmospheric pressure and Ψ w the water potential of deionised water (Ψ w = 0 MPa under normal conditions). Leaf hydraulic conductance was calculated analogically based on water potential drops across the corresponding segment (Ψ B -Ψ L ). Both K B and K L have been expressed per unit leaf area. Contribution of leaves to total liquid-phase resistance of the shoots (relative leaf hydraulic resistance, R L ) was quantified as follows:
VPD L was defined as a difference between saturated water vapour pressure at leaf temperature and ambient vapour pressure. Saturated vapour pressure (e sat ) was calculated according to Buck (1981) : where T is the leaf or air temperature.
Data analysis
Statistical data analysis was carried out using Statistica, Vers. 7.1 (StatSoft Inc., Tulsa, OK, USA). To analyse the effects of light quality and canopy position on shoot hydraulic and gas exchange parameters, an analysis of variance (ANOVA) was performed. Light colour, light intensity, canopy position and sample tree were used as categorical predictors, with the last one treated as a random factor. Type III sums of squares were used in the calculations, post hoc means comparisons were conducted using Tukey's HSD test. Normality of data and homogeneity of variances were checked using the Lilliefors and Levene tests, respectively. When necessary, logarithmic or complex transformations were applied to the data. Effect sizes were assessed by partial eta-squared (η partial 2 ) calculated as follows:
where SS effect is the sum of squares for a given effect and SS error is the sum of squares for the respective error term. Bivariate relationships between the measured characteristics and independent variables were assessed by simple linear or non-linear leastsquares regression.
Results
Spectral changes within a canopy and leaf optical properties
The spectral composition of light differed significantly between the lower and upper thirds of the canopy: in the upper canopy R/FR and B/R ratios were higher compared with lower canopy (Table 1) . Absorptance (A) and transmittance (T) spectra for the leaves of silver birch were similar in shape for both canopy levels, but varied in magnitude (Figure 1 ). The leaves showed high A in blue (400-500 nm) light, lower in the green band (500-600 nm), followed by increase in red (600-700) light. Consequently, T was lower in blue and red lights, and peaked in green light ( Figure 1B ). The mean radiation absorptance in PAR range was on average 4% lower in lower-crown foliage (shade leaves) compared with upper-crown foliage (sun leaves; Table 1 ). A calculated separately for B, G and R spectral ranges was 2%, 3% and 6% lower for shade leaves, respectively. The mean transmittance of PAR was 30% higher in lower-crown leaves compared with the upper crown. Transmittance (T) of shade leaves was 30%, 22% and 38% higher in B, G and R light, respectively, compared with sun leaves. Shade and sun foliage did not differ in leaf reflectance, while the vegetation indexes calculated from reflectance spectra differed significantly between the crown layers: PRI was higher and NDVI lower in the lower-canopy layer compared with the upper one (Table 1) .
Effects of light quality on leaf gas exchange
The A N varied with both light colour and canopy position (Table 2) , while the mean A N of the upper-canopy shoots was higher (4.98 ± 0.11 μmol m −2 s −1
, P < 0.001) compared with that of the lower canopy (4.23 ± 0.09 μmol m −2 s −1
) across the whole dataset. ANOVA revealed that light quality had the strongest effect on A N , with the highest values in white light (mean values 6.27 ± 0.18 and 5.01 ± 0.13 μmol m −2 s −1 in upper and lower crown, respectively). The A N of sun leaves in white light was 1.2-fold higher compared with that in red light and 1.8-fold higher compared with blue light (P < 0.001; Figure 2A ). The A N of shade leaves did not differ between white and red light, but was significantly (P < 0.001) lower in blue light ( Figure 2A ). Stomatal conductance to water vapour (g S ) varied in a similar way with light quality and canopy position (Model 2 in Table 2 upper-and lower-crown thirds, respectively. The g S of sun leaves in white light was 1.2 times higher compared with that in red (P < 0.001) and blue light (P = 0.009), and did not differ between red and blue light ( Figure 2B ). The g S in lower-canopy leaves exposed to blue light was slightly smaller than in white or red light (P = 0.030; Figure 2B ). The light quality × canopy position interaction had a significant effect on both A N and g S . When branch water potential (Ψ B ) was included in the analysis model (Model 3 in Table 2 ) to involve the possible influence of branch water status, the effect of light quality on g S became insignificant, whereas the effects of canopy position, irradiance and sample tree stayed in the modified model. The g S was inversely correlated with leaf temperature (T L ) inside a leaf cuvette (r = −0.524, P < 0.001) and Ψ L (r = −0.481, P < 0.001), whereas the slopes of the g S = f(T L ) and g S = f(Ψ L ) regression lines did not differ between canopy levels.
Also IWUE varied with light quality and canopy position (Table 2) , with significantly (P < 0.001) higher values in shade leaves than in sun leaves: the means were 45.7 ± 0.8 and 38.5 ± 0.7 μmol mol −1 , respectively. Under W light, IWUE averaged 53.2 ± 1.3 and 44.2 ± 1.2 μmol mol −1 for the lower and upper canopy, respectively. In sun foliage, IWUE did not differ if leaves were illuminated with R or W light, but it was~40% lower under B light compared to W (P < 0.001) and R light (P = 0.002; Figure 2C ). In shade foliage, IWUE decreased in the following order ( Figure 2C ): W, R (−12%, P = 0.003), B (−30%, P < 0.001). Intrinsic water-use efficiency increased with rising T L (r = 0.542, P < 0.001). We did not find any correlations between IWUE and leaf or branch water potentials.
Variation in leaf and branch hydraulic properties
Branch hydraulic conductance (K B ) was independent of light quality (Table 3) , while it varied significantly with shoot position in the canopy (P = 0.044). The K B measured in W light averaged 23.8 ± 1.8 and 30.0 ± 2.1 mmol m −2 s −1 MPa −1 for the lower and upper canopy (P = 0.025), respectively. Thus, the uppercanopy branches were by 26% efficient in water conduction compared with the lower canopy. Unlike K B , leaf hydraulic conductance (K L ) depended significantly (P < 0.001) on light quality; K L ranged in the following order W < R < B across the entire dataset. Shade foliage demonstrated higher responsiveness to the spectral manipulation: B light enhanced K L compared with the W light by a factor of 1.34 versus 1.17 in shade and sun leaves, respectively (Figure 3) . Thus, canopy position and also Ψ B contributed to the variation in K L (Table 3) . In white light, K L averaged 2.77 ± 0.12 and 3.57 ± 0.17 mmol m −2 s −1 MPa −1
for the lower-and upper-canopy foliage (P < 0.001), respectively. There was a significant positive relationship between K B and K L (R 2 = 0.20-0.23, P < 0.001), providing evidence of the co-ordination of leaf and stem hydraulic conductances in variable environmental conditions. Relative leaf hydraulic resistance (R L ) depended on canopy position and shoot water status (Table 3) , with dominating effect of Ψ L (η 2 = 0.448). Leaves' contribution to the total liquid-phase resistance of shoots increased from 76% at Ψ L of −0.2 MPa to 92% at −1.0 MPa (Figure 4) , revealing a highly dynamic nature of the distribution of hydraulic resistance in plants. All three hydraulic parameters varied among sample trees.
Discussion
Natural light spectrum in the birch canopy and optical properties of leaves Spectral measurements performed in the natural forest stand suggest that leaves from the upper and lower thirds of the birch crowns are exposed to light environments that differ significantly in quality, although B. pendula is a light-demanding species characterized by sparse canopy. The upper leaves of the canopy have been developed under higher R/FR and B/R ratios compared with the lower canopy (Table 1) , which is consistent with measurements on other angio-and gymnosperm tree species (Hertel et al. 2011 , Dengel et al. 2015 . Because of the exponential decrease of irradiance within a plant canopy, lower leaves have Tree Physiology Online at http://www.treephys.oxfordjournals.org acclimated to lower light intensities. The NDVI correlates positively with leaf chlorophyll content (Gitelson and Merzlyak 1994 , Gamon and Surfus 1999 , Sims and Gamon 2002 , which largely determines leaf light-absorbing capacity (Davis et al. 2011) . Therefore, sun leaves of silver birch have higher chlorophyll content (evidenced by greater NDVI) and consequently higher light absorptance and lower transmittance (Table 1 and Figure 1 ).
Spectral variation of photosynthesis
As expected, the highest photosynthetic rates were recorded in W light covering a wide spectral range and, thus, represent a combined response to the different spectral bands. Mean A N was 30% lower in B light than in R light ( Figure 2A ) although leaf absorptance was higher in the B region compared with the absorptance in R light ( Figure 1A ). This is attributable to the lower quantum efficiency of photosynthesis in B compared with R light. Red light is absorbed by chlorophylls (a+b), while B light is absorbed by chlorophylls and carotenoids (Inada 1980) . Carotenoids have multiple roles in leaves besides participation in light energy harvesting for photosynthesis (Esteban et al. 2015) , therefore energy absorbed by non-photosynthetic carotenoids is not used for photosynthesis (Nichelmann et al. 2016 ). In addition, the photosynthetic carotenoid (β-carotene) is less efficient in energy transfer to the reaction centres compared with chlorophylls (de Weerd et al. 2003) and, thus, photosynthetic action spectra of green plants is lower in the blue compared with the red spectral band (Balegh and Biddulph 1970, McCree 1971) . As R light is photosynthetically more efficient than B, A N in both canopy layers was higher in R than in B, but A N in W light was higher than in R light only in upper-canopy leaves (Figure 2A ). The red LED light sources used in the present experiment emit a narrow waveband with maximum around 635 nm, which is lower than the maximal absorbance region for chlorophylls in red light (Inada 1980) . The white light sources were spectrally more complete: the lamps emitted wavelengths from 410 to 650 nm; thus, the spectral distribution of white lamps was closer to that of natural light. As the photosynthetic quantum yield in G light is comparable to that in R light (Terashima et al. 2009 , Hogewoning et al. 2012 , the involvement of G band might also contribute to higher A N recorded under W light compared with monochromatic R or B. In contrast, A N in the lower canopy of silver birch did not differ between W and R treatments (Figure 2A) . Therefore the stimulating effect of complete spectrum (W) on photosynthesis in B. pendula is more pronounced in sun leaves-in foliage acclimated to high irradiance. In the lower canopy, the respective enhancement of A N was absent, indicating the differential acclimation of photosynthetic machinery of leaves developed in different spectral conditions due to their location in the canopy.
Higher photosynthetic capacity is usually associated with leaf acclimation to higher irradiance (Givnish 1988) . Sellin et al. (2010a) recorded higher A N throughout the day and higher photosynthetic capacity in upper compared with lower-canopy leaves in birch trees sampled in the same forest stand. The results of the present study specify that sun leaves exhibit higher A N under W and R light compared with shade leaves, but not under B light (Figure 2A ). The light spectrum is involved in the stimulation of synthesis of photosynthetic structural components (Ramalho et al. 2002 , Hogewoning et al. 2010 ) and, thus, leaves adjust their photosystem stoichiometry to the spectrum of their growth environment (Hogewoning et al. 2012 ). As B wavelengths are photosynthetically less effective, there is probably weaker pressure for acclimation of photosynthetic machinery and leaf optical properties regarding B light compared with R. This opinion is supported by the finding that leaf absorptance and transmittance of R light were modified to a larger extent than of B light in silver birch with respect to leaf location in the canopy.
Stomatal conductance and IWUE under different light spectra
The present experiment revealed that shade leaves are intrinsically more efficient water users than upper leaves of the canopy ( Figure 2C ). According to the hydraulic limitation hypothesis, hydraulic resistance to water flow increases when tree grows taller (i.e., with increasing length of the water transport pathway); this aggravates water stress in leaves and forces stomata to conservative behaviour (Ryan and Yoder 1997) . Within crowns of silver birches, g S of lower-canopy leaves is hydraulically more constrained Kupper 2005, Õunapuu and Sellin 2013) and their stomata operate much further from their maximum opening compared with the upper-canopy leaves (Eensalu et al. 2008) ; therefore, the shade leaves of B. pendula have acclimated to use water more efficiently than sun leaves (Sellin et al. 2010a) .
Upper-canopy shoots of B. pendula maintained their IWUE when W light was switched to R by lowering g S proportionally in response to reduced A N in R light. However, in B light A N was lower than under R spectrum, while g S did not differ between R and B light; this resulted in low IWUE in upper-canopy leaves under B light. Thus, spectral gradients existing within natural forest stands represent signals affording lavish water use in sun foliage and enhancing leaf water-use efficiency in shade foliage of silver birch ( Figure 2C ) to sustain greater hydraulic limitations (Sellin and Kupper 2005) . As B light has a direct signalling effect on stomatal conductance-B impulse increases g S (Frechilla et al. 2000) and eliminating B spectral band from incident light decreases g S (Barillot et al. 2010 )-relatively high g S in birch upper-canopy leaves was caused by an opening signal from B light. This kind of behaviour is obviously advantageous for leaves acclimated to high irradiance. Keeping stomata open at the expense of reduced instant water-use efficiency in the photosynthetically most productive part of canopy may be beneficial for B. pendula as a fast-growing pioneer species over a longer time scale, enabling higher daily carbon gain to be attained. It is even more essential for plants growing at northern latitudes characterized by a short growing season. Nevertheless, this trait can be beneficial in environments with ample water availability (Kusumi et al. 2012 , Fanourakis et al. 2015 .
Leaves of the lower canopy had relatively low g S in W light and it did not change remarkably when the shoots were illuminated with monochromatic lights ( Figure 2B ). Low g S of shade leaves on an absolute scale results in high IWUE and helps to preserve water for the upper parts of the crown, which are exposed to higher irradiance and wind and therefore lose more water. This functional trait of the shade foliage can at least partly be attributed to acclimation of stomatal morphology to the environmental conditions existing in lower canopy layers. Shade leaves of silver birch have significantly lower stomatal density and smaller stomata, relative stomatal surface and stomatal pore area index (Eensalu et al. 2008 , Sellin et al. 2010a )-all these characteristics favour lower stomatal conductance and higher IWUE. General leaf morphological traits (lamina area, thickness and specific leaf area) are of little importance as their vertical variation rather supports opposite effects Kupper 2006, Eensalu et al. 2008) . In large trees, the fine tuning of water fluxes is important in order to provide the optimal distribution of water supply within the tree crown, at high evaporative demand in particular. As B light promoted stomatal opening regardless of low A N , this was translated to the lowest IWUE among the light quality treatments. This finding is consistent with Aasamaa and Aphalo (2016) , who found that seedlings of shade-avoiding silver birch have a weak photosynthesis-dependent stomatal opening response. This pattern is particularly pronounced in lower-canopy leaves that kept stomata as open in B as in W light despite ∼39% lower A N ( Figure 2B ). High initial g S allows a rapid induction of CO 2 assimilation during sunflecks (reviewed by Way and Pearcy 2012) rich in B wavelengths. Therefore, stomatal insensitivity to low A N (i.e., high intercellular [CO 2 ]) may be a strategy for lower-canopy leaves to exploit effectively short, intense light periods in photosynthetic CO 2 fixing during sunflecks.
During water deficit, closing stomata starts to limit CO 2 diffusion into chloroplasts of the leaves and therefore to constrain A N (Grassi and Magnani 2005) . As most of the hydraulic resistance to long-distance water transport has been removed in small cut shoots and hydraulic effects on leaves' functioning are reduced, stomatal openness in birch shoots was not restricted by leaf water supply. Entirely on the contrary-the negative relationship between Ψ L and g S suggests that openness of stomata determines the leaf water potential via leaf transpiration, not vice versa. One also cannot exclude the partial stomatal closure at high leaf water status as a result of increased epidermal backpressure on stomatal pores due to high turgor of the epidermal cells at improved water supply (Buckley et al. 2003, Sellin and Kupper 2007) .
Spectral effects on hydraulic traits
The proportion of B band in incident light affects g S and K L via modifying leaf anatomy and stomatal morphology during the leaf growth (Hogewoning et al. 2010 , Hernández and Kubota 2016 . The results of the present study demonstrate short-term (functional) responses of branch and leaf hydraulics with respect to light environment. As expected, branch hydraulic conductance is invariant to light quality (Table 3) as stems lack light-sensing systems. However, across the whole dataset we observed a co-ordination of leaf and stem hydraulic conductances to light stimuli, necessary to sustain sufficient water supply to evaporation sites in leaves at high evaporative demand or to provide a hydraulic safety margin in case of soil water shortage (Meinzer et al. 2008 , Pivovaroff et al. 2014 . Drake et al. (2015) observed isometric scaling between leaf and shoot hydraulic conductances across several independently collected datasets, supporting the concept that hydraulic design is co-ordinated throughout the plant body. Thus, the coordinated responses of K B and K L in silver birch are rather a logical result because the hydraulic characteristics were estimated simultaneously on leafy shoots. Similarly, the finding by Aasamaa and Sõber (2012) that the hydraulic conductance of whole shoots depends on light quality suggests the co-ordinated participation of both vascular and extravascular tissues in the mechanism behind the light sensitivity. The modulation of potassium ion concentration ([K + ]) in xylem sap is most likely involved in this co-ordinated reaction, evidenced by a parallel increase in stem hydraulic conductance and [K + ] when exposing tree shoots to light (Nardini et al. 2010 , Sellin et al. 2010b ).
The present study provides evidence for the enhancement of leaf hydraulic efficiency by blue light (Figure 3 ), attributable to upregulation of PIP1 and PIP2 aquaporins in mesophyll and/or bundle sheath cells (Baaziz et al. 2012) . Thus, when leaves were exposed to light of different colours, leaf hydraulic efficiency and net CO 2 uptake exhibited contrasting responses-K L was highest and A N lowest in B light. A similar pattern has been reported for another temperate broadleaved tree species, Quercus macrocarpa Tree Physiology Online at http://www.treephys.oxfordjournals.org (Voicu et al. 2008) . Our results imply the involvement of blue light photoreceptors (phototropins, cryptochromes) in the short-term regulation of K L , in addition to the long-term effects related to structural changes during leaf development . However, when discussing the possible ecological role of spectral sensitivity of K L the more significant finding is differential responsiveness of sun versus shade foliage to the spectral changes. Blue light induces a considerably greater increase in K L in shade leaves compared with sun leaves, which can be treated as part of the adaptation for efficient and durable functioning in the light environment characterized by fast-changing patterns of sunflecks. On one hand, enhanced K L improves water delivery and helps to avoid leaf tissue dehydration or thermal shock at sudden exposure to high irradiance in hydraulically stronger constrained foliage (Sellin and Kupper 2005) , judged both by more conservative stomatal behaviour ( Figure 2B ) and inherently higher photosynthetic water-use efficiency compared with sun foliage ( Figure 2C ). On the other hand, capability for fast enhancement of hydraulic conductance is essential for pioneer species to maximize their carbon gain in changing light conditions.
To summarize, our experiment provides solid evidence of differential spectral responses of both leaf gas exchange and hydraulic traits in silver birch depending on leaf location in the canopy. Both hypotheses proposed in this study were supported. Foliage development in light deprived of blue spectral band enhances leaf water-use efficiency of shade leaves, while higher sensitivity of hydraulic conductance of shade leaves to blue light allows the efficient exploitation of short, intense light periods during sunflecks.
